The Giant Magellan Telescope (GMT) will feature two Gregorian secondary mirrors, an adaptive secondary mirror (ASM) and a fast-steering secondary mirror (FSM). The FSM has an effective diameter of 3.2 m and consists of seven 1.1 m diameter circular segments, which are conjugated 1:1 to the seven 8.4m segments of the primary. Each FSM segment contains a tip-tilt capability for fast guiding to attenuate telescope wind shake and mount control jitter. This tiptilt capability thus enhances performance of the telescope in the seeing limited observation mode. The tip-tilt motion of the mirror is produced by three piezo actuators. In this paper we present a simulation model of the tip-tilt system which focuses on the piezo-actuators. The model includes hysteresis effects in the piezo elements and the position feedback control loop.
INTRODUCTION
The Giant Magellan Telescope (GMT) will feature two Gregorian secondary mirrors, an adaptive secondary mirror (ASM) and a fast-steering secondary mirror (FSM). The FSM has an effective diameter of 3.2 m and consists of seven 1.1 m diameter circular segments, which are conjugated 1:1 to the seven 8.4m segments of the primary. Each FSM segment contains a tip-tilt capability for fast guiding to attenuate telescope wind shake and mount control jitter as shown in Figure 1 . This tip-tilt capability thus enhances performance of the telescope in the seeing limited observation mode. The tip-tilt motion of the mirror is produced by three piezo actuators. The tip-tilt system needs to follow a reference signal for tip and tilt angles, which is based on wave-front measurements. It is also essential that the reaction forces applied by the mirror to the top-end of the telescope do not cause vibrations that would eliminate the benefit of the tiptilt system. There is no active compensation for these reaction forces. This paper presents the current iteration of a simulation model of the tip-tilt system that aims to predict its tracking performance as well as the reaction forces onto the telescope top-end. Figure 2 shows the piezo actuator of FSM2 in detail. It features a piezo element that is pre-loaded by external springs to enable push and pull. The preload springs ensure that the piezo element is always in compression. This is essential to prevent damage. 
Model
The simulations are performed in Simulink and Figure 3 shows an overview of the model. The mirror has two rotation axes, where the Y-axis is a symmetry axis and the X-Axis is not. Reference values for tip and tilt and piston are provided as input. The piston reference signal is always zero. A linear transform converts the mirror reference signals to equivalent actuator displacements. The actuator displacement error signal is fed to three separate output-limited PI controllers that generate the driving voltage for the three piezo elements. This is a simplification, because realistically the output of the controller would have to be offset and amplified. However, the Simulink model of the piezo actuator element is compatible with this simplification. The piezo elements displace the mirror which in turns exerts reaction forces. Position feedback from the strain gages of the piezo elements is used to generate the position error signal fed into the PI controllers. The mirror uses a linear transform to convert accelerations to reaction forces based on mass and moment of inertia of the mirror. Likewise another linear transform converts actuator displacements to piston, tip and tilt values. The model of the piezo elements is more sophisticated and described in detail in the following section. 
MODEL OF PIEZO ELEMENT
The piezo actuators block contains 3 identical piezo actuators. As shown in Figure 4 , each actuator is modeled as a simple 2 nd order equation of motion with mass, damping and stiffness. In addition a nonlinear hysteresis feedback loop ensures that the piezo element expresses realistic hysteresis. In an open-loop configuration this hysteresis of the piezo element would lead to large error in the rotation of the mirror. The input of the hysteresis block is the electric charge of piezo element and the output is the hysteresis voltage that is subtracted from the input voltage driving the piezo element. For this paper 15 Maxwell hysteresis blocks per actuator were combined to obtain the hysteresis curves shown in Figure  7 . 
SIMULATION RESULTS
In order to simulate the system, parameters for the PI controllers need to be selected. To select these parameters the model was linearized and the parameters P and I were chosen to obtain an overshoot of 20% and a phase margin of 38 degrees. The same parameters were used for every PI controller. The reference trajectory for piston, tip and tilt was selected as zero for piston and rotation about the Y-axis (Figure 3 ) and a sine wave for rotation about the X-axis (Figure 8 ). The amplitude of the sine wave is ramped up to prevent a discontinuity in acceleration at time = 0. 
CONCLUSIONS
The Maxwell model of piezo element hysteresis is easy to implement in simulations and its parameters can be obtained from the open-loop response of the actuators. While the effect of the hysteresis is not very large, it is noticeable in the position error of the mirror surface as well as in the frequency content of the reaction forces. It is also noteworthy that some of the other piezo parameters such as damping and element mass only had a very small effect on the results.
